Liquid tapping atomic force microscopy was used to study the nonspecific adsorption of horse spleen ferritin at a bare gold surface at single molecule resolution. The majority of ferritin molecules adsorbed irreversible on gold surfaces in accordance with the random sequential adsorption (RSA) mechanism frequently used to describe irreversible adsorption processes. However, the time-resolved data also reveal events that go beyond the RSA model, i.e., lateral mobility and fragility of some molecules, resulting in desorption, chain formation, and subunit dissociation. Scanning effects of the AFM tip were observed, resulting in diminished protein coverage in the scanned area.
The nonspecific adsorption o f proteins at solid surfaces plays a central role in many technical applications including biosensors, medical implants, nonfouling surfaces in food industry, and marine environments. Despite the technological importance and large number o f fundamental studies, protein adsorption is still not well understood at the molecular level.1,2 Besides Langmuirtype and multilayer adsorption, so-called random sequential adsorption (RSA) is very often observed, indicating the irrevers ibility o f the process: molecules once adsorbed do not show any lateral mobility or desorption and the occupied area remains completely excluded for other molecules.3,4 Despite the extremely high sensitivity of some of the techniques used to investigate protein adsorption, enabling the detection of submonolayer adsorption o f proteins, they all lack spatial resolution of the adsorption process.5 Recently atomic force microscopy has been used to study protein adsorptions at different solid surfaces in situ, w hich provided spatial resolution o f the fractional growth of protein layers and aggregation o f adsorbed proteins.6-8 To the best o f our knowledge there is no in situ study o f protein adsorption in real space and time w ith single molecule resolution so far. In this work we use atomic force microscopy to study the nonspecific adsorption o f horse spleen ferritin at a gold surface from solution on the nanoscale in real space and time.
Ferritins are a class o f iron storage proteins found in bacterial, plant, and animal cells. Ferritins form hollow shells w ith 80 A diameter cavities in w hich 2000 to 4500 Fe(III) ions can be stored as an inorganic complex.9 All ferritins are composed of 24 protein subunits, and depending on the organism, ferritin molecules measure up to 12 nm in total diameter, with several channels that appear to mediate selectively iron transport to and from the interior. The inner diameter of the protein shell is ca. In our AFM study, ferritin molecules were deposited from solutions using volumes o f 60 , mL. The total gold area measured ca. 0 .3 -0 .4 cm 2, and the additional surface from the supporting glass substrate and the liquid cell were roughly 1 cm 2. Continuous scanning over a subsection o f 3 x 3 ^m 2 at 1.6 Hz scan rate was used to acquire a series of consecutive AFM images, every 320 s, in liquid tapping mode. After obtaining stable imaging conditions in the absence o f ferritin, a small volume o f protein stock solution was administered to the buffer droplet using a Hamilton microliter syringe. During continuous scanning, the solution was carefully mixed by repetitive push/pull o f the measurement solution.
Introducing the syringe into the measurement cell caused a disturbance o f the topography signal (the distinct horizontal lines in Figure 1 ), w hich recovered quickly after withdrawing the syringe. Protein addition, mixing, and stabilization o f the topography signal roughly took 1 min. After ca. 1 min, the first protrusion was detected in the upper right o f the topographic image ( Figure 1 .1), which we interpret as a single adsorbed protein molecule. The number o f protrusions continuously increased with scanning time (Figure 1 . 2 .-1 .3 and Supporting Information movie). In total 11 topographic images were collected at a protein concentration o f 0.36 ,wg/mL until no significant increase in adsorption could be observed. The majority o f the observed individual signatures, due to individual proteins, exhibit a fwhm o f 2 0 -4 0 nm and an apparent height o f 10 ± 2 nm. The apparent width is considerably larger than the true dimension, mainly due to AFM tip broadening. Apart from these signatures, we find smaller ones measuring only 3 ± 1 nm in height. These could (10) At a 10-fold higher protein concentration (3.6 ^g/m L), the first protrusions appear ca. 1 to 10 s after protein administration, o f which the amount increases at a significantly higher rate compared to the low protein concentration. After ca. 30 min, the adsorption saturates with a coverage o f roughly 5%. At this higher protein concentration, chains o f 4 -8 protrusions are formed, covering distances o f ca. 100-200 nm ( Figure 2C ). We speculate that most probably the gold topography (step edge) is the reason for this chain formation and not intermolecular interactions, because the distances between the individual molecules o f 40 ( 5 nm are too large.
In the following, we evaluate the adsorption kinetics and the radial distribution function. We used ImageJ (1.37v) to count the number o f particles and extract the x-y positions o f particle centers in each image. Even with our highest observed coverage, we find no appreciable maximum in the radial distribution or pair correlation function (see Figure 4 in the Supporting Information). Johnson et al. used higher ferritin concentration and differently charged surfaces, andmaxima in the radial distribution functions were observed.19 Significant pair correlation has also been observed at very low coverage, e.g., with strongly charged particles from Adamczyk; thus, we can conclude that the there is no attractive interaction between the ferritin particles in our experiments.20 The protein adsorption kinetics are depicted in Figure 3 . Here we evaluated image-wise; therefore, the time resolution is low (320 s) but sufficient. The adsorption kinetics show aroot(time) behavior in the initial phase indicating diffusion control at the beginning o f the experiment (data not shown). An interesting observation is that at low protein solution concentration the coverage usually drops again after having achieved a maximum coverage after a couple o f frames (ca. 1000 s, see Figure 3 , inset). Obviously substantial desorption occurs in this initial stage. This could be induced by the force due to the vicinity o f the AFM probe or by unfavorable adsorption geometry in that the ferritin is bound only weakly. Increasing the protein concentration leads to significantly enhanced adsorption rates. Saturation is then reached after ca. 10 min, although still a moderate increase o f coverage can be detected at greater time values. A t the higher protein solution concentration (Figure 3 , A + B II), significantly higher adsorption rates can be observed accompanied by saturation after roughly 10 min. The initial adsorption rate at the low ferritin concentration (Figure 3 , B I) equals roughly 1 ferritin molecule every 10 s, whereas the experiments at the higher concentration (Figure 3 , A + B II) show rates of roughly 5 ferritin molecules adsorbed per second on average on the observed area of 9 ^m 2.
The low saturation coverage of the surface is probably influenced by AFM tip shadowing. Scanning a larger area after the initial adsorption experiment shows a ca. 2-fold higher protein density compared to the area where scanning was initially performed (Supporting Information, Figure 2 ). This is attributed to lateral removal o f adsorbed molecules or AFM tip interference during scanning. The AFM tip shields the gold surface and the amplitude o f the cantilever is in the regime o f the ferritin diameter so that m ost of the time the tip is too close to the surface and molecules cannot slip/glide in-between. Stirring effects from cantilever and tip can also contribute to reduce the adsorption probability. We mention that tapping mode imaging reduces lateral shear forces here in comparison to contact mode imaging and thus minimizes mechanical manipulation of adsorbed proteins. However, occasional adsorption o f proteins at the AFM tip is quite probable: sometimes a significant enhancement of the spherical signature during a number of scans was observed ( Supporting Information, Figure 3) . Protein adsorption to the AFM tip increases its effective radius and enlarges the apparent width (fwhm) o f individual particles while their heights remain unaffected.
In conclusion, the experiments described herein demonstrate as a proof-of-principle that physiosorption o f proteins at surfaces can be studied at the single molecule level by liquid tapping AFM and provide insight into the mechanism o f binding. The majority o f ferritin molecules adsorbed irreversible on gold surfaces in accordance with the random sequential adsorption (RSA) mechanism frequently used to describe irreversible adsorption processes. However, the time-resolved data also reveal events that go beyond the RSA model, i.e., lateral mobility and fragility o f some molecules, resulting in desorption, chain formation, and subunit dissociation. Scanning effects o f the AFM tip were observed, resulting in diminished protein coverage in the scanned area. Further optimization and adaptation of the AFM setup and experiments should provide detailed mechanistic insight into protein adsorption under physiological conditions that cannot be obtained by other techniques.
